The surface resistance Rs of superconducting materials can be obtained by measuring the quality factor of an 11 elliptical cavity excited in a transverse magnetic mode (TM010). The value obtained has however to be taken as 12 averaged over the whole surface. A more convenient way to obtain Rs, especially of materials which are not 13 yet technologically ready for cavity production, is to measure small samples instead. These can be easily man- 
Introduction
1.1. The need for RF sample testing of materials for superconducting cavities 27 In particle accelerators superconducting RF (SRF) cavities are generally used to take advantage of the ex-28 tremely low surface resistance provided by the superconductor and thereby minimize losses in the cavity 29 walls. This is particularly interesting when high duty cycle or even continuous wave (CW) operation is 30 required. 115 116 In order to measure the surface impedance of a sample surface, it is necessary to make the sample a part of 117 a resonant structure. Such a sample could be a rod [20, 21] , a flat disc [20, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] or just a small piece [20, 118 35, 36] inserted into the cavity inner surface. The cavity is then excited in a particular mode with the reso-119 nant frequency and Q0 easily measurable, allowing one to calculate the surface impedance in a straightfor- Cylindrically symmetric cavities operating in a TE0xx mode are commonly chosen as the resonant circuits 127 [20, 21, 23, 25, 28-34, 37, 38] . In such a cavity with these modes the electric field lines are simple self-128 closing rings around the resonator axis and electric field lines vanish on cavity walls as well as on the 129 sample, if positioned at the lateral end of the cavity. Moreover, in the ideal geometry, no RF current crosses 130 the joint between the sample and the cavity and, with no electric fields normal to the cavity surface, elec-131 tronic problems such as multipacting and heating due to dark current may be avoided. 132 For simple cavity geometries, these TE0xx cavities can only be used to measure large-sized samples while 133 maintaining suitably low resonance frequencies. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 than 40 years [39] . It requires a reference sample. The reference sample is usually surface treated using the 142 same way of the cavity, so that the surface resistance of the cavity and the sample are the same. Using a 143 copper cavity as an example, we assume the quality factor of the cavity with reference sample Q1 at 2×10 5 , 144 geometry factor G at 300, filling factor of the sample η (the loss on the reference sample versus the total 145 loss) at 40%, and the sample's surface resistance Rs is much smaller than the surface resistance of copper.
Measurement techniques
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Then Q2, the quality factor of the cavity with sample to be measured, should be 5×10 5 . Rs can be calculated (1) 150 Typically, the quality factor measurement error will be about 5%, from equation (2) 151 ∆ = √( (2) 152 one can get that ΔRs should be 0.14 mΩ. In this case quality factor measurement with a copper cavity is 153 not preferred for SRF samples. In a case where a niobium cavity with a Q1 at 2×10 9 was used, ΔRs would 154 be improved to 14 nΩ. Despite its lower resolution compared to the other techniques introduced below, this 155 approach is still used, since it allows for designing simple systems and performing quick tests.
156
Another way to measure the surface resistance with a significantly higher resolution is a power com-157 pensation technique, which allows the derivation of the surface resistance from a DC measurement. In a 158 calorimetric system the sample and the host cavity are thermally decoupled. A DC heater (resistor) and at 159 least one temperature sensor is attached to the back side of the sample. This allows for independent control 160 of the sample temperature.
161
A calorimetric measurement consists of two steps, see Figure 1 : 162 1. The temperature of interest is set by applying a current to the resistor on the back side of the sample.
163
The power dissipated PDC1 is derived from measuring the voltage across the resistor. 2. The RF is switched on and the current applied to the resistor is lowered to keep the sample tempera-165 ture and the total power dissipated constant.
166
The RF power dissipated in the sample, PRF, is the difference between the DC power applied without 167 RF, PDC1, and the DC power applied with RF, PDC2. PRF is directly related to the surface resistance of the 168 sample RS and the magnetic field on the sample surface B,
170
Assuming RS to be constant over the sample surface area and independent of B, the above equation 171 simplifies to:
173 which can be rearranged to yield an expression for the surface resistance:
175
An electromagnetic simulation and an RF calibration is needed to relate |B| 2 dS to the transmitted power 176 measured in the experiment. Details are described in references [33, 40] . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 The calorimetric measurement gives a high resolution on the surface resistance measurement. The DC 182 power is measured using a four-probe technique, and a high-precision current source and voltmeter. perature measurements give a resolution better than 5 mK. The magnetic field is calculated from RF power 184 measurements and decay time measurement, with an accuracy better than 5%. The slow variation of helium 185 bath pressure can be ignored since the data is taken within a few minutes. The ripple of the helium bath 186 pressure, normally better than 100 μbar, will give a 1 mK temperature fluctuation at 2 K bath temperature, 187 which can already be better than the resolution of the thermal sensors. Finally the resolution of a calorimet-188 ric system will be limited by the minimal detectable heating and therefore depend on the resolution of the 189 voltmeter and temperature readout. Thus the resolution can be obtained by differentiating equation (5) The SIC system is based on a cylindrical polycrystalline niobium cavity with 2 cm inner diameter, shown However the SIC system works at a frequency much higher than cavity operation frequency, which is 250 normally at 1.3 or 1.5 GHz, and the highest achieved magnetic field is at 14 mT.
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The SIC system is used to measure the Rs of a variety of samples. The quadrupole resonator shown in Figure 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 centrated around the rods in the middle of the resonator, excitation and measurements at 800 MHz are not 286 perturbed by losses at this flange. The quadrupole resonator is equipped with two identical strongly over-287 coupled antennas. One serves as the input, the other as the output. Due to this configuration almost the 288 whole power transmitted to the cavity is coupled out and only about 1% is dissipated in the cavity walls 289 and on the sample surface. The system acts like a narrowband filter with minor losses. 290 The cover plate of a cylinder attached to the cavity in a coaxial structure serves as the sample, see successfully commissioned and a peak magnetic field on the sample surface of 120 mT has been achieved 323 [43] , which is almost twice as high as what has been possible using the CERN version. One drawback of 324 the Quadrupole Resonator is that the sample disk has to be electron beam welded to the sample cylinder.
325
Most thin film deposition devices are not suitable to accommodate the whole sample cylinder. Therefore it 326 is necessary to coat the sample disk first and weld it afterwards to the cylinder as has been done in [56] . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 screwing connections and sealed using indium wire gaskets. Flexibility in mounting height and exchange- duced by High Power Impulse Magnetron Scattering (HiPIMS) [60] .
361
Another mushroom cavity is designed at TAMU [42, 61] . The sample size of this cavity is 7 inch in 362 diameter. Sapphire is inserted into the mushroom cavity to reduce the resonance frequency of the TE01 mode 363 to 2.2 GHz. In this model, the maximum surface magnetic field in the cavity is 9.02 times higher than the 364 field anywhere else in the cavity. This cavity is shown in Figure below [42] . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 insert diagnostic tools such as a probe antenna, and vacuum port. [42] 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 surface resistance of a sample comprised of nanometer thin alternating superconducting and insulating lay-393 ers for the first time [63] . For a low surface magnetic field of 1 mT and temperatures above 3 K the surface 394 resistance of the multilayered sample was found to be significantly lower than for a niobium reference 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 The RF input coupler is located in this piece. The input coupler is rigidly attached to a rod linked to 412 a micrometer so as to adjust its penetration into the cavity.
413
 A flat sample piece, which is the part to be studied, is separated from the cavity body with a 414 vacuum gap of ~ 2.5 mm. An RF probe can be inserted in the gap to provide transmission measure-415 ments. 416 Simulations show that 37% of the RF-induced heating will occur on the sample plate, the remainder 417 being on the cavity (assuming identical materials). The peak magnetic field is located on the sample plate 418 and thus the maximum measurable breakdown field exceeds that of bulk niobium. 419 The resonator is supported in a cradle placed in a vacuum volume as shown in Figure 7 . The cradle is 420 designed so that the two parts of the resonator are thermally isolated from one another. The cavity is 421 mounted onto a support plate strongly connected to the helium tank, while the sample is mounted onto a 422 separate plate supported by a much weaker thermal link. This allows direct measurement of RF losses in 423 the sample using the calorimetric technique described above. 424 The sample can be changed easily by removing the sample holder and swapping it with another, 425 mounted with a new sample to study. All that needs to be done is to reattach three supporting double-nuts 426 and reconnect the heater and thermometry cables before the vacuum chamber shield can be sealed again. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 In this article we have reviewed devices to characterize SRF materials. These systems have basically 444 two advantages compared to cavity tests. The first one is that small flat samples can be tested. This allowed 445 for example to obtain the surface resistance of MgB2 with the SIC and of a multilayered sample using the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Page 19 of 20  AUTHOR SUBMITTED MANUSCRIPT -SUST-101748.R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Page 20 of 20 AUTHOR SUBMITTED MANUSCRIPT -SUST-101748. R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
